Bipolar Disorder (BD) is a prevalent and disabling condition, determined by gene-environment interactions, possibly mediated by epigenetic mechanisms. The present study aimed at investigating the transcriptional regulation of BD selected target genes by DNA methylation in peripheral blood mononuclear cells of patients with a DSM-5 diagnosis of type I (BD-I) and type II (BD-II) Bipolar Disorders (n = 99), as well as of healthy controls (CT, n = 42). The analysis of gene expression revealed prodynorphin (PDYN) mRNA levels significantly reduced in subjects with BD-II but not in those with BD-I, when compared to CT. Other target genes (i.e. catechol-O-methyltransferase (COMT), glutamate decarboxylase (GAD67), serotonin transporter (SERT) mRNA levels remained unaltered. Consistently, an increase in DNA methylation at PDYN gene promoter was observed in BD-II patients vs CT. After stratifying data on the basis of pharmacotherapy, patients on mood-stabilizers (i.e., lithium and anticonvulsants) were found to have lower DNA methylation at PDYN gene promoter. A significantly positive correlation in promoter DNA methylation was observed in all subjects between PDYN and brain derived neurotrophic factor (BDNF), whose methylation status had been previously found altered in BD. Moreover, among key genes relevant for DNA methylation establishment here analysed, an up-regulation of DNA Methyl Transferases 3b (DNMT3b) and of the methyl binding protein MeCP2 (methyl CpG binding protein 2) mRNA levels was also observed again just in BD-II subjects. A clear selective role of DNA methylation involvement in BD-II is shown here, further supporting a role for BDNF and its possible interaction with PDYN. These data might be relevant in the pathophysiology of BD, both in relation to BDNF and for the improvement of available treatments and development of novel ones that modulate epigenetic signatures.
Introduction
Bipolar Disorder (BD) comprises different prevalent, comorbid and disabling conditions, characterized by severe and pervasive mood episodes (American Psychiatric Association, APA, 2013) . Some forms of BD are likely underdiagnosed and, in many cases, misdiagnosed with unipolar depression (Major Depressive Disorder), particularly for patients affected by BD type II (BD-II) (Singh and Rajput, 2006; Dell'Osso et al., 2015) . In addition, BD can be misdiagnosed with other Major Psychoses, such as Schizophrenia -particularly for patients with psychotic BD type I (BD-I) -and, in some cases, with Personality Disorders (e.g., Borderline Personality Disorder), with major clinical and economic consequences (Meyer and Meyer, 2009; Ruggero et al., 2010; John and Sharma, 2009) .
Therefore, over the last years research efforts were focused to better characterize the diagnosis of BD from a biological perspective, in order to establish clinically distinct patterns of illness as well as novel and more specific treatments. To this aim, the relevance of identification of molecular markers that go beyond classical diagnostic criteria and clinical observations is apparent.
To date, despite evidence supporting a role for many genes in the pathophysiology of BD (MacQueen et al., 2005) , the precise molecular bases of this disorder remain unclear, and no specific gene has been incontrovertibly related to disease development. Thus, BD is a complex condition with multiple contributing factors triggered by the interplay of numerous susceptibility genes with many environmental factors (Uher, 2014; Ludwig and Dwivedi, 2016) .
Gene-environment interactions are mediated by epigenetic mechanisms, which evoke transient changes in gene expression, through chemical modifications that do not modify DNA sequence (Feinberg and Fallin, 2015) . The renewed interest in epigenetics has opened new perspectives for the understanding of biological determinants of psychiatric disorders, as well as of the impact that environment may have on their progression Nestler et al., 2016) .
DNA methylation has been the characterized as the most stable epigenetic mechanism, also in the context of psychiatric disorders (Jirtle and Skinner, 2007) . It consists of the transfer of a methyl group to position 5 of the pyrimidine ring in a cytosine-guanine dinucleotide (CpG), which, at gene promoters level, ultimately blocks the binding of transcription factors and causes chromatin compaction and gene silencing (Pidsley and Mill, 2011; Klose and Bird, 2006) . The role of epigenetic factors in patients with Major Psychoses has been mainly investigated through the assessment of DNA methylation changes in the promoter regions of candidate targets (Abdolmaleky et al., 2006) as well as changes in the expression of DNA methyltransferases (DNMTs) Higuchi et al., 2011) .
Among genes potentially implicated in the pathophysiology of BD, brain-derived neurotrophic factor (BDNF) has been extensively investigated over the last few years (Castrén and Rantamäki, 2010; Grande et al., 2010; Hashimoto et al., 2004; Henikoff and Matzke, 1997; Shirayama et al., 2002) . In particular, our group has recently reported a selective down-regulation of BDNF gene expression in BD-II, compared with BD-I patients and healthy controls, paralleled by a consistent increase in DNA methylation at gene promoter in BD-II subjects only (D'Addario et al., 2012) .
In order to gain further insights on the epigenetic regulation of BDNF in peripheral blood mononuclear cells (PBMCs) of patients suffering from BD, in the present study we evaluated the transcriptional regulation of key genes that might interact with BDNF to determine the phenotype of psychotic disorders: catechol-O-methyltransferase (COMT) (Zanoni et al., 2011; Lee et al., 2013) , glutamate decarboxylase (GAD67) (Hashimoto and Lewis, 2006) , serotonin transporter (SERT) (Szapacs et al., 2004; Kronenberg et al., 2016) , and prodynorphin (PDYN) (Logrip et al., 2008) . In line with this, evidence that abnormal BDNF signalling leads to abnormalities in GABAergic neurons has been reported in studies showing that BDNF induces the expression of GAD67 (Bolton et al., 2000; Hashimoto and Lewis, 2006; Marty et al., 2000; Yamada et al., 2002) , and that both GAD67 and BDNF are downregulated in mood disorders (Thompson Ray et al., 2011) . Also synergies between serotonin and BDNF systems were suggested to contribute to the regulation of the development and plasticity of neural circuits involved in the pathophysiology of affective disorders (Martinowich and Lu, 2008) .
Moreover, we also investigated the regulation of PDYN, a precursor of the dynorphin peptide, that has been already associated with dysphoria and negative mood states (Chavkin, 2013) , and that has been suggested as a downstream effector of striatal BDNF regulation of ethanol intake (Logrip et al., 2008) . Finally, we evaluated the expression of key genes in the establishment of DNA methylation patterns, such as the different isoforms of DNMTs, and the methyl binding protein MeCP2 (methyl CpG binding protein 2).
The aim of the present study was thus to evaluate possible transcriptional regulation of target genes interacting with BDNF in BD and the role of DNA methylation in these effects.
Methods

Subjects
Ninety-nine patients diagnosed with BD (54 with BD-I and 45 with BD-II) of either gender and any age (Table 1), treated and followed up at the mood disorders outpatient Clinic of the University Department of Psychiatry of Milan Policlinico, were included in the study.
Diagnoses were assessed by the administration of semi-structured interviews based on DSM-5 criteria (SCID I and II, research version) (First et al., 2015a,b) . In case of psychiatric comorbidity, BD had to be the primary disorder, causing the most significant distress and dysfunction and representing the primary motivation to seek treatment. Patients were excluded from the study if they had recent or current alcohol or substance abuse (last 3 months), as well as medical conditions including autoimmune diseases due to their potential influence over BDNF expression (Linker et al., 2009) . For the same reason, a positive lifetime history of trauma (according to DSM-5), as well as the current presence of relevant psychological stress, were considered exclusion criteria.
Socio-demographic and clinical assessment included the collection of the following main variables: gender, age, subtype of BD, current pharmacological treatment, and mood state (i.e., euthymic, depressed, manic, hypomanic, and mixed), defined through the administration of the following psychometric scales: Hamilton Depression Rating Scale, Montgomery Asberg Depression Rating Scale, and Young Mania Rating Scale (Hamilton, 1960; Montgomery and Asberg, 1979; Young et al., 1978) .
Patients had maintained their current pharmacological treatment stable for at least one month in order to be enrolled in the study. Control subjects (n = 42) were volunteers matched for gender, age and ethnicity, without any psychiatric diagnosis, as determined by the SCID-I and without positive family history for major psychiatric disorders in the first-degree relatives (as assessed by the Family Interview for Genetic Studies) (Maxwell, 1992) . All subjects had given their written informed consent to participate to the study, which included the use of personal and clinical data as well as blood drawing for genotyping and methylation analysis. The study protocol had been previously approved by the local Ethics Committee.
Real-time qPCR (RT-qPCR)
Total RNA was isolated from PBMCs according to the method of Chomczynski and Sacchi (1987) . RT-PCR reactions were performed using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). The relative abundance was assessed by RT-qPCR using iQ SYBR Green Supermix (Hercules, CA, USA) on a DNA Engine Opticon 2 Continuous Fluorescence Detection System (MJ Research, Waltham, MA, USA). To provide precise quantification of the initial target in each PCR reaction, the amplification plot was examined and the point of early log phase of product accumulation defined by assigning a fluorescence threshold above background, defined as the threshold cycle number or Ct. Differences in threshold cycle number were used to quantify the relative amount of the PCR targets contained within each tube. After PCR, a dissociation curve (melting curve) was constructed in the range of 60 to 95°C (Lyon, 2001) to evaluate the specificity of the amplification products. The relative expression of different amplicons was calculated by the delta-delta Ct (DDCt) method and converted to relative expression ratio (2 − DDCt ) for statistical analysis (Livak and Schmittgen, 2001) . All data were normalized to the endogenous reference genes β-ACTIN and GAPDH combined. The primers used for PCR amplification are reported in Table 2 .
Analysis of DNA methylation
Genomic DNA was extracted by the salting-out method as described previously (Arosio et al., 2010) . First, DNA underwent bisulfite modification to convert unmethylated cytosine residues to uracil, using the CpGenome DNA Modification Kit (Chemicon International, Purchase, NY), according to the manufacturer's instructions. Methylation analysis was performed by fluorescence-based real-time PCR using MS Opticon 2 Light Cycler Instrument (Roche, Germany). PDYN sequence amplified contained 12 CpG sites, and was located within the promoter region of the gene (see Fig. 1 for sequence details). PCR was also performed for non-CpG-containing region of myoD, which served as control gene. Bisulfite-modified CpGenome universal unmethylated DNA (Chemicon International, Temecula CA, USA) was used as negative control. The percentage of methylation was calculated by the 2 − DDCt method (Livak and Schmittgen, 2001) , where DDCt (Ct, Target-Ct, myoD) sample -(Ct, Target-Ct, myoD) fully methylated DNA, multiplied by 100. For relative quantification, standard curves were generated separately for each gene and myoD from serial dilutions of bisulfite-modified CpGenome universal methylated DNA (Chemicon International). To confirm our result, we also used in selected DNA bisulfite-converted samples primers for the unmethylated DNA sequence calculating the % of methylation, as reported previously TGGGATAGAGTGCCGTGTGT  COMT  CTGCTTTGCTGCCGAGCTCAGAGGAGAC  GCCCAGCAACACAGCTGCCAACAG  PDYN  GCCTGCCTCCTCATGTTCC  CCTTCCCCAACCGACTTGC  GAD67  GCCAGACAAGCAGTATGATGT  CCAGTTCCAGGCATTTGTTGA  DNMT1  CCCCTGAGCCCTACCGAAT  CTCGCTGGAGTGGACTTGTG  DNMT3A  TATTGATGAGCGCACAAGAGAGC  GGGTGTTCCAGGGTAACATTGAG  DNMT3B  GGCAAGTTCTCCGAGGTCTCTG  TGGTACATGGCTTTTCGATAGGA  MeCP2  ACTCCTCAGAATACACCTTGCTT  TGAGGCCCTGGAGGTCCT  β-ACTIN  TGACCCAGATCATGTTTGAG  TTAATGTCACGCACGATTTCC  GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA SERT = serotonin transporter; COMT = catechol-O-methyltransferase; PDYN = prodynorphin; GAD67 = glutamate decarboxylase; β-ACTIN = betaactin; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; DNMT1, 3A, 3B = DNA methyltransferases; MeCP2 = methyl CpG binding protein 2. 
Statistical analysis
All results are expressed as mean ± SEM. Statistical differences of genes expression and DNA methylation changes at PDYN promoter of BD patients vs control subjects were determined by analysis of variance (ANOVA) followed by Dunnett's test. Changes in mRNA levels of DNMTs and MeCP2 were analysed using the non-parametric MannWhitney test since data in pooled samples were not normally distributed. In Fig. 5 , data are compared by Spearman's rank correlation coefficient. The P-values < 0.05 were considered to be statistically significant. All tests were performed using GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA, USA).
Results
Demographic and clinical characteristics of the study sample and related subgroups (BD-I and BD-II individuals, and healthy controls) are shown in Table 1 .
No changes were observed between BD-I, BD-II patients and healthy controls in relation to GAD67, SERT and COMT (Fig. 2a, b, c) . PDYN gene expression was found to be significantly decreased in BD-II patients (0.67 ± 0.09; P < 0.05 Dunnett's post-hoc test; ANOVA: P = 0.0188; F = 4.330), but not in those affected by BD-I (0.84 ± 0.13) compared to healthy controls (1.2 ± 0.2; Fig. 2d ).
An increase of DNA methylation at PDYN gene promoter was observed in BD-II (but not in BD-I) patients compared to healthy controls (CT: 17.02 ± 1.20%; BD-I: 18.67 ± 1.16%; BD-II: 21.78 ± 1.02%; P < 0.05 Dunnett's post-hoc test; ANOVA: P = 0.0168; F = 4.212; Fig. 3) .
The regression analysis conducted to adjust for age differences showed that the observed alterations were independent of age for DNA methylation levels at PDYN promoter (r 2 = 0.01082; P = 0.2147).
Moreover, when data were stratified on the basis of the different pharmacological treatments taken by the patients, those on mood stabilizers (e.g., lithium or valproate) (16.16 ± 1.34%) showed a lower level of DNA methylation at PDYN promoter, when compared to those treated with other drugs (21.01 ± 1.23%; P = 0.0147, Mann-Whitney test; Fig. 4 ). Data stratification based on gender showed no differences in DNA methylation levels between male and females in both controls and BD subjects. Figs. S1 and S2 report in more details these changes based on age and gender.
A significantly positive correlation was observed between changes in DNA methylation at BDNF, as previously reported (D'Addario et al., 2012) , and PDYN promoters in all subjects under study (P = 0.0064, Spearman's r 2 = 0.2486; Fig. 5a ). This effect was even stronger when considering just BD II subjects (P < 0.0001, Spearman's r 2 = 0.7888; Fig. 5a ). Fig. 2 . Gene expression changes in BD. Levels of SERT, GAD67, COMT, PDYN mRNA in peripheral blood mononuclear cells from patients diagnosed with bipolar disorders type 1 (BD I) and BD type 2 (BD II). Box plots with whiskers from minimum to maximum represent 2 − DDCt values calculated by the delta-delta Ct (DDCt) method. Means of mRNA levels are expressed relative to control subjects. 
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Finally, in pooled samples of BD-II subjects a selective marginally significant up-regulation of DNMT3b (1.79 ± 0.35, P = 0.0618, Mann-Whitney test) and a significant up-regulation for MeCP2 (1.89 ± 0.25, P = 0.0036, Mann-Whitney test) gene expression were also observed (Table 3) , when compared to pooled control samples.
Discussion
An improved understanding of epigenetic mechanisms has boosted investigations into their roles in many fields, including the pathophysiology of psychiatric disorders. In this context, we conducted previous studies by selecting a panel of genes known to be relevant for BD pathophysiology. The same genes were also connected with BDNF activity and regulation, that we have extensively shown to be epigenetically modulated in patients with BD and Major Depressive Disorder (D'Addario et al., 2012 (D'Addario et al., , 2013 Dell'Osso et al., 2014) .
A major outcome of this study is the selective decrease of PDYN gene expression in PBMCs of BD-II patients, but not in those of BD-I subjects, when compared to healthy controls. These data extend a previous report showing a significant reduction (~38%) of PDYN expression in the amygdalo-hippocampal area and in the parvicellular division of the accessory basal area of BD patients (Hurd, 2002) . Furthermore, we found an increased DNA methylation at PDYN gene promoter level, consistent with the down-regulation of gene expression (Figs. 2d and 3) .
Overall, our findings suggest that PBMCs (easily accessible cells in circulating blood) might be useful to better understand disease conditions within the brain (Arosio et al., 2014) . These peripheral cells appear a reliable model also for the investigation of epigenetic mechanisms (Gavin and Sharma, 2009; Arosio et al., 2014) . Our data together with prior studies using whole blood (Domschke et al., 2012 (Domschke et al., , 2014 seem to support the "mirror-site model" whereby methylation status of blood might mirror that of brain (Aberg et al., 2013) . Of relevance, an early study showed similarity of CpG methylation patterns in brain tissues and PBMCs in the human promoter region of PDYN (Yuferov et al., 2011) .
Dynorphins are ligands of kappa opioid receptors (KOP), and KOP antagonists have been explored for the possible treatment of different diseases (Kuzmin et al., 1998; Jewett et al., 2001) , and in particular of psychotic disorders (Roth et al., 2002) . Indeed, depressogenic effects have been observed in both animals (Carlezon et al., 2006) and humans (Barber and Gottschlich, 1997) upon KOP activation, whereas KOP antagonism induced antidepressant-like effects in animals (Mague et al., 2003; Reindl et al., 2008) . Taken together, accumulated evidence supports the potential of KOP agonists as antimanic therapeutic agents (Zarate and Manji, 2008) . In line with this hypothesis, in a previous clinical study administration of KOP partial agonist pentazocine to BD subjects was associated with a transient but substantial and statistically significant reduction in manic symptoms (Cohen and Murphy, 2008) . However, the psychotomimetic and dysphoric effects of KOP agonists to the central nervous system are also well-documented, clearly limiting their use for human therapy (Rimoy et al., 1994; Walsh et al., 2001) . In this context, the epigenetic regulation of PDYN reported here appears relevant when attempting to develop new strategies to treat BD-II patients, by indirectly targeting KOP and avoiding the possible side-effects associated with the use of direct KOP agonists.
It is important to note that, in contrast to genetic marks that cannot be restored, epigenetic marks are reversible and might be targets for preventive and/or therapeutic modifications based on a variety of agents, such as enzymes, hormones, vitamins, and nutrients (Choi and Friso, 2010 ). An additional option is, for instance, the development of zinc finger proteins to obtain PDYN sequence-targeted DNA binding (Grover et al., 2010) and more recently the application of CRISPR-Cas9 system for the epigenetic editing at specific loci (Komor et al., 2017; Vojta et al., 2016) .
Thus, new approaches that take advantage of the reversible nature of epigenetic regulation, and (based on present results) drugs targeting the PDYN gene, might hold promise to identify novel medications for BD-II treatment that could be rapidly moved into the clinical practice.
Another major outcome of the present study, even if not necessarily playing a role in BD, is the correlation between alteration of DNA methylation at PDYN and BDNF gene promoters in the investigated population.
BDNF is an important CREB target (Lonze and Ginty, 2002) , that modulates PDYN expression in a brain region-specific manner (Nair and Vaidya, 2006) . Incidentally, previous studies have already reported that BDNF and PDYN are epigenetically regulated through the acetylation of histone proteins in hyperalgesia (Liang et al., 2014) . Moreover, our data support a role for DYN as a downstream effector of BDNF regulation, already suggested in a previous study on alcohol intake (Logrip et al., 2008) . Here, additional support to this hypothesis is provided also in BD, where BDNF changes are possibly mediated via dynorphin signalling.
The latter hypothesis is also supported by reduced DNA methylation of PDYN, much alike BDNF (D'Addario et al., 2012), in patients under treatment with lithium and valproic acid, two of the most widely used Fig. 5 . Correlation between DNA methylation levels at PDYN and BDNF gene promoters. Correlation between BDNF and PDYN percentage change in DNA methylation at gene promoters in the overall population (a) as well as selectively in bipolar disorders type 2 (BD II) subjects (b). Data are compared by Spearman's rank correlation coefficient.
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Study limitations
In this study the relatively small change differences in DNA methylation between controls and BD subjects might be of concern. Yet, it should be pointed out that available evidence suggests that complex phenotypes are actually influenced by many factors, each contributing a small effect (Lupski et al., 2011; Wellcome Trust Case Control C, 2007) . At the epigenetic level, these small differences would be responsible for phenotypic outcomes in the general population (Docherty et al., 2012) .
From a clinical perspective, our findings provide further evidence for distinct mechanisms underlying the pathophysiology of the two main clinical subtypes of BD. Indeed, BD-I and BD-II can not be simplistically conceptualized as similar expressions of illness which only differ for a clinical severity (Dell'Osso et al., 2014) . Instead, they need to be better characterized in the light of genetic and epigenetic phenotypes, neuroimaging profiles and therapeutic approaches (D'Addario et al., 2012; Zarate and Manji, 2008; MacQueen et al., 2005) .
It seems relevant that the expression of additional target genes investigated herein remains unaffected under our experimental conditions, despite previous studies showing their involvement in BD pathophysiology (see Introduction section). However, many different factors could explain this discrepancy, for instance use of different drugs and pharmacological treatments, different disease phases and others. Moreover, further studies are needed to address the role of other possible genes not considered in the present study and interacting with BDNF, such as the calcium voltage-gated channel subunit alpha1 C (CACNA1C) gene, already found to be hypermethylated in BD (Starnawska et al., 2016 ) and associated to BD by GWAS studies (Ferreira et al., 2008) .
Another possible limitation of the present study might be the use of whole blood, that contains different cell types with potentially different DNA methylation profiles (Jaffe and Irizarry, 2014) . However any tissue (brain included) is made of different cell types (Bakulski et al., 2012) , and remarkably isolation of distinct cell populations involves manipulations that may influence gene expression profiles (Debey et al., 2004; Aberg et al., 2013) . Thus, new epigenetic methods based on cell-sorting or tissue microdissection need to be developed, in order to extend present findings.
Finally, it should be taken into consideration the limited amount of clinical information of the patients' sample. Indeed, the group of bipolar patients belongs to a larger epigenetic investigation that includes also patients with different psychiatric disorders. Therefore, other and more specific variables for BD, such as for instance prevalent polarity, presence of rapid cycling and psychotic symptoms, were not collected and should be investigated in future studies.
Conclusions
Our results further support the relevance of selective changes in DNA methylation in BD, and the importance of target genes such as PDYN and BDNF.
Also our data on DNMTs appear rather relevant, because they show again selectivity among two BD subtypes with an involvement of DNMT3b. Altered expression of the latter enzyme has been already suggested as a driver of changes in promoter DNA methylation of neurobiological genes that are important for suicidal behaviour (Poulter et al., 2008) .
Moreover, we show selective alteration in MeCP2 mRNA levels in BD-II subjects. Of note, already in 2003 it was observed that BDNF transcription involves MeCP2 interaction with its promoter (Martinowich et al., 2003) , and a more recent report has confirmed that indeed MeCP2 plays a key role in BDNF gene regulation (Martínez-Levy and Cruz-Fuentes, 2014).
Understanding gene-environment interactions through epigenetic regulation seems extremely important in the context of psychiatric disorders like BD, and holds potential for improving disease treatment through innovative epi-treating drugs.
Future plans
Further studies are needed to discover novel targets, as well as possible biomarkers of the disease, with the aim of developing novel therapies for BD that eventually modulate DNA methylation via environmental cues (i.e., diet or physical activity) and aid classical pharmacological interventions.
It is also known that genetic variations influence the inter-individual variation in DNA methylation (Zhang et al., 2010) . However, how genetic variations might impact DNA methylation pattern of most genes is not fully understood. It would be of great relevance that further studies address the genetic and epigenetic regulation of target genes like PDYN and BDNF in BD by analysing single nucleotide polymorphisms (SNPs) associated with BD and the correlation with DNA methylation changes.
In Fig. 6 we propose a possible mechanism triggered by DNMT inhibitors that might rescue expression changes in relevant genes for BD. This strategy has been put forward also by a recent clinical trial with green tea extracts, able to inhibit DNMTs and to act as adjunct to maintenance antipsychotic medication (Loftis et al., 2013) .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.pnpbp.2017.08.011.
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